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ELECTROLYTE SOLUTION AND
ELECTROCHEMICAL DEVICE USING THE
SAME

The present application 1s a National Stage application of
PCT international application: PCT/CN2020/073174 which
claims the benefit of priority from the China Patent Appli-
cation No. 201910072888.2, filed on 25 Jan. 2019, the
disclosure of which 1s hereby incorporated by reference 1n
its entirety.

BACKGROUND

1. Technical Field

This application relates to the field of electrochemical
device technologies, and more particularly to an electrolytic
solution and an electrochemical device using the same.

2. Description of the Related Art

With the popularization and application of intelligent
clectronic products such as mobile phones, notebook com-
puters, and cameras, the safety of using such products in
harsh environments has gradually gained the attention of the
general public. As working power supplies of electronic
products, lithium 1on batteries, by replacing conventional
N1—Cd and MH-N1 batteries, have been widely applied in
such products. However, as electronic products are devel-
oped to be lighter, thinner, and more portable, the require-
ments for lithium 1on batteries have become increasingly
higher. It has become an urgent task to develop a safe lithium
ion battery which can resist high temperature and various
adverse conditions. Especially, batteries on the market often
swell, automatically turn off after being used for a period of
time, or burn and explode. Therefore, the market has a much
higher requirement for the safety performance of batteries
during use. How to mmprove the safety of lithium 1on
batteries and increase impedance after use are difhcult
problems to be solved.

SUMMARY

The present application provides an electrolytic solution
and an electrochemical device using the same, to attempt to
solve at least one problem 1n the related field at least to a
certain extent.

According to some embodiments, the present application
provides an electrolytic solution, which includes a com-
pound containing a —CN functional group and a compound
containing a P—O bond, wherein the compound containing
a —CN functional group includes at least one of a com-
pound represented by formula I-A:

(I-A)

M 1s at least one selected from the group consisting of N,
P, C, and Si;

R,;, Ry, and R, are each independently selected from a
substituted or non-substituted C,-C,, alkylene group, a
substituted or non-substituted C,-C,, alkenylene group, an
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2

R,—S—R group, or an R,—0O—R group, R, and R being
cach independently selected from a substituted or non-
substituted C,-C. alkylene group:;

n 1s selected from O or 1;

R'* is selected from H, fluorine, a cyano group, a substi-
tuted or non-substituted C,-C, , alkyl group, a substituted or
non-substituted C,-C, , alkenyl group, an R,—S—R group,
or an R,—O—R group, R, and R being a substituted or
non-substituted C,-C, alkyl group; when being substituted,
a substituent 1s selected from a halogen, a cyano group, a
C,-C, alkyl group, a C,-C, alkenyl group, or any combina-
tion thereof; and when M 1s N or P, only three of R, R, ,,
R,;, and R, , are present.

According to some embodiments, the compound contain-
ing a P—O bond includes at least one of a compound
represented by formula II-A or compounds represented by

11-B:

(I1-A)

(1I-B)

wherein R, ,, R,,, R,3, R,., R, and R, are each 1nde-
pendently selected from R“, S1—(R"), or R'—S1—(R"),;

each of R“ and R" 1s independently selected from a C,-C,,
alkyl group, a C,-C, , alkenyl group, a C.-C,, cyclic hydro-
carbon group, or a C.-C, . aryl group;

R' 1s selected trom a C,-C,, alkylene group or a C,-C,,
alkenylene group; and

R,,, R,,, R,5, R4, R,<, and R, are each independently
substituted or non-substituted, and when being substituted, a
substituent 1s selected from a halogen, a C,-C alkyl group,
a C,-C, alkenyl group, or any combination thereof.

According to some embodiments, at least one of R, R,
R,., R,,, R,., and R, contains a S1 atom.

According to some embodiments, the compound contain-
ing a —CN functional group includes at least one of the
following compounds:

(I-1)
CN
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According to some embodiments, the compound contain- ¢35 o
ing a P—O bond includes at least one of the following F
compounds:
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According to some embodiments, based on the total
weight of the electrolytic solution, the weight percentage of
the compound containing a —CN functional group 1s about
0.01 wt % to about 10 wt %, and the weight percentage of
the compound contaiming a P—O bond 1s about 0.01 wt %
to about 5 wt %.

According to some embodiments, the electrolytic solution
turther includes a cyclic carbonate, and the cyclic carbonate
includes a compound represented by formula III-A:

(I1-A)

where R,; 1s selected from a substituted or non-substi-
tuted C,-C, , alkylene group, or a substituted or non-substi-
tuted C,-C,, alkenylene group; and

when being substituted, a substituent 1s selected from a
halogen, a C,-C; alkyl group, a C,-C. alkenyl group or any
combination thereof.

According to some embodiments, the cyclic carbonate
includes at least one of the following compounds: tluoro-
cthylene carbonate, vinylene carbonate, or vinylethylene
carbonate.

According to some embodiments, based on the total
weight of the electrolyte, the weight percentage of the cyclic
carbonate 1s about 0.01 wt % to about 350 wt %.

According to some embodiments, the electrolyte further
includes a carbonate compound containing a silicon func-
tional group, and the carbonate compound containing a

silicon functional group includes a compound represented
by formula IV-A:

(IV-A)
O
R4 )-k Rap;
1\0 O/..— 2

where R, and R, are each independently selected from
R“, S1—(R"), or R—S1—(R"),, and at least one of R, and

R, contains Si;

cach of R* and R" 1s independently selected from H, a
C,-C,, alkyl group, a C,-C, , alkenyl group, a C.-C,, cyclic
hydrocarbon group or a C,-C, aryl group;

R' 1s selected from a C,-C,, alkylene group or a C,-C,,
alkenylene group; and

R,, and R, are each independently substituted or non-
substituted, and when being substituted, a substituent 1s
selected from a halogen, a C,-C, alkyl group, a C,-C,
alkenyl group or any combination thereof.

According to some embodiments, the carbonate com-
pound containing a silicon functional group includes at least
one of the following compounds:
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(formula IV-1)
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According to some embodiments, based on the total
weight of the electrolytic solution, the weight percentage of
the carbonate compound containing a silicon functional
group 1s about 0.01 wt % to about 50 wt %.

According to some embodiments, the electrolytic solution
turther includes a carboxylate, and the carboxylate includes
a compound represented by formula V-A:

(V-A)
O
)‘k Rs;
Rs; O/

where R, and R, are each independently selected from
a substituted or non-substituted C,-C,, alkyl group, or a
substituted or non-substituted C,-C,, alkenyl group; and

when being substituted, a substituent 1s selected from a
halogen, a C,-C, alkyl group, a C,-C, alkenyl group or any
combination thereof.

According to some embodiments, the carboxylate
includes at least one of the following compounds: propyl-
propionate, trifluoroethylacetate or fluoroethylacetate.

According to some embodiments, based on the total
weight of the electrolytic solution, the content of the car-
boxylate 1s about 0.01 wt % to about 60 wt %.

Another embodiment of the present application provides
an electrochemical device, wherein the electrochemical
device mcludes the electrolytic solution according to any of
the foregoing embodiments.

Another embodiment of the present application provides
an electronic device, wherein the electronic device includes
the electronic device according to any of the foregoing
embodiments.

-

The electrolytic solution of the present application
includes a compound containing a —CN functional group
and a compound containing a P—O bond, so that the
stability of the electrolytic solution can be improved, and an
active material can be protected, thereby eflectively improv-
ing floatation performance and nailing performance of a
battery, and cycle impedance of the battery.

Additional aspects and advantages of the embodiments of
this application are partially described and displayed in the
following description, or illustrated through the implemen-
tation of the embodiments of this application.
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DETAILED DESCRIPTION

As used herein, the term “about” 1s used to describe and
illustrate small changes. When used 1n connection with an
event or a circumstance, the term may refer to an example
in which the event or circumstance occurs precisely, and an
example 1n which the event or circumstance occurs approxi-
mately. For example, when used in connection with a value,
the term “about™ may refer to a range of variation less than
or equal to 10% of the stated value, such as less than or equal
to £5%, less than or equal to £4%, less than or equal to £3%,
less than or equal to 2%, less than or equal to 1%, less than
or equal to 0.5%, less than or equal to 0.1%, or less than or
equal to 0.05%.

In addition, amounts, ratios, and other values are some-
times presented 1n a range format 1n this application. It 1s to
be understood that such a range format 1s provided for the
sake of convenience and simplicity, and should be under-
stood flexibly to include not only the numerical values that
are explicitly defined 1n the range, but also all the individual
values or sub-ranges that are included 1n the range, as 1f each
value and sub-range are explicitly specified.

In the specific embodiments and claims, a list of 1tems
connected by the term “one of” or a similar term may mean
any of all the items listed. For example, 11 items A and B are
listed, the phrase “one of A and B” means only A or only B.
In another example, 1f items A, B, and C are listed, the
phrase “one of A, B, and C” means only A, only B, or only
C. The item A may include a single element or a plurality of
clements. The item B may include a single element or a
plurality of elements. The 1tem C may include a single
clement or a plurality of elements.

In the specific embodiments and claims, a list of 1tems
connected by the term “at least one of” or a similar term may
mean any combination of all the items listed. For example,
if items A and B are listed, the phrase “at least one of A and
B” means only A, only B, or A and B. In another example,
if items A, B, and C are listed, the phrase “at least one of A,
B, and C” means only A, only B, only C, A and B (excluding
C), A and C (excluding B), or all of A, B, and C. The item
A may include a single element or a plurality of elements.
The 1item B may include a single element or a plurality of
clements. The item C may include a single element or a
plurality of elements.

As used herein, the “alkyl group™ 1s intended to be a linear
saturated hydrocarbon structure having 1 to 20 carbon
atoms. The *“alkyl group™ 1s also intended to be a branched
or cyclic hydrocarbon structure having 3 to 20 carbon atoms.
For example, the alkyl group may be an alkyl group having
1 to 20 carbon atoms, an alkyl group having 1 to 10 carbon
atoms, an alkyl group having 1 to 5 carbon atoms, an alkyl
group having 5 to 20 carbon atoms, an alkyl group having
5 to 15 carbon atoms, or an alkyl group having 5 to 10
carbon atoms. When an alkyl group having a specific carbon
number 1s defined, 1t 1s intended to cover all geometric
1somers having the carbon number. Therefore, for example,
“butyl” means n-butyl, sec-butyl, isobutyl, tert-butyl and
cyclobutyl; and “propyl” includes n-propyl, 1sopropyl and
cyclopropyl. Examples of the alkyl group include, but are
not limited to, methyl, ethyl, n-propyl, 1sopropyl, cyclopro-
pyl, n-butyl, isobutyl, sec-butyl, tert-butyl, cyclobutyl,
n-pentyl, 1soamyl, neopentyl, cyclopentyl, methylcyclopen-
tyl, ethylcyclopentyl, n-hexyl, 1sohexyl, cyclohexyl, n-hep-
tyl, octyl, cyclopropyl, cyclobutyl, norbornanyl and the like.
In addition, the alkyl group can be optionally substituted.

As used herein, the term “alkylene group™ means a linear
or branched divalent saturated hydrocarbon group. For
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8

example, the alkylene group may be an alkylene group
having 1 to 20 carbon atoms, an alkylene group having 1 to
15 carbon atoms, an alkylene group having 1 to 10 carbon
atoms, an alkylene group having 1 to 5 carbon atoms, an
alkylene group having 5 to 20 carbon atoms, an alkylene
group having 5 to 15 carbon atoms, or alkylene group having
5 to 10 carbon atoms. Representative alkylene groups
include (for example) methylene, ethane-1,2-diyl (*ethyl-
ene’”), propane-1,2-diyl, propane-1,3-diyl, butane-1,4-divl,
pentane-1,5-diyl and the like. In addition, the alkylene group
can be optionally substituted.

As used herein, the term “alkenylene group™ encompasses
both linear and branched alkenylene groups. When an alk-
enylene group having a specific carbon number 1s defined, 1t
1s intended to cover all geometric 1somers having the carbon
number. For example, the alkenylene group may be an
alkenylene group having 2 to 20 carbon atoms, an alk-
enylene group having 2 to 15 carbon atoms, an alkenylene
group having 2 to 10 carbon atoms, an alkenylene group
having 2 to 5 carbon atoms, an alkenylene group having 5
to 20 carbon atoms, an alkenylene group having 5 to 15
carbon atoms, or an alkenylene group having 5 to 10 carbon
atoms. Representative alkenylene groups include (for
example) vinylyl, allylidene, butenylidene, and the like. In
addition, the alkenylene group can be optionally substituted.

As used herein, the term “aryl group” encompasses both
monocyclic and polycyclic systems. A polycyclic ring may
have two or more rings in which two carbons are shared by
two adjacent rings (where the rings are “fused”), where at
least one of the rings 1s aromatic and other rings may be for
example, a cycloalkyl group, a cycloalkenyl group, an aryl
group, a heterocyclyl group and/or a heteroaryl group. For
example, the aryl group may be a C.-C., aryl group, a
Cs-C,, aryl group, a C-C,, aryl group, a C.-C,, aryl group,
or a C,-C,, aryl group. Representative aryl groups include
(for example) phenyl, methylphenyl, propylphenyl, 1sopro-
pylphenyl, benzyl and naphthalen-1-yl, naphthalen-2-yl and
the like. In addition, the aryl group can be optionally
substituted.

As used herein, the term *“cyclohydrocarbon group”
encompasses cyclic hydrocarbon groups. For example, the
cyclohydrocarbon group may be a cyclohydrocarbon group
having 3 to 20 carbon atoms, a cyclohydrocarbon group
having 3 to 15 carbon atoms, a cyclohydrocarbon group
having 3 to 10 carbon atoms, a cyclohydrocarbon group
having 3 to 6 carbon atoms, a cyclohydrocarbon group
having 5 to 20 carbon atoms, a cyclohydrocarbon group
having 5 to 15 carbon atoms, or a cyclohydrocarbon group
having 5 to 10 carbon atoms. In addition, the cyclohydro-
carbon group can be optionally substituted. For example, the
cyclohydrocarbon group may be substituted with a halogen
including fluorine, chlorine, bromine, and 1odine, an alkyl
group, an aryl group or a heteroaryl group.

As used herein, the term “alkenyl group” refers to a
monovalent unsaturated hydrocarbon group which may be
straight or branched and which has at least one and usually
1, 2 or 3 carbon-carbon double bonds. Unless otherwise
defined, the alkenyl group typically contains 2 to 20 carbon
atoms, for example, an alkenyl group having 2 to 20 carbon
atoms, an alkenyl group having 6 to 20 carbon atoms, an
alkenyl group having 2 to 12 carbon atoms or an alkenyl
group having 2 to 6 carbon atoms. Representative alkenyl
groups include (for example) ethenyl, n-propenyl, 1so-pro-
penyl, n-but-2-enyl, butyl-3-enyl, n-hex-3-enyl, and the like.
In addition, the alkenyl group can be optionally substituted.

As used herein, the term “halogen” encompasses F, Cl, Br
or I.
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When the foregoing substituent groups are substituted,
substituent groups thereol may be independently selected
from a group consisting of a halogen, an alkyl group, a
cyclic hydrocarbon group, an alkenyl group, and an aryl
group.

As used herein, the content of each component 1s calcu-
lated based on the total weight of the electrolytic solution.

I. Electrolytic Solution

An embodiment of this application provides an electro-
lytic solution, including an electrolyte and a solvent 1n which
the electrolyte 1s dissolved. The electrolytic solution of this
application includes a compound containing a —CN func-
tional group and a compound containing a P—O bond,
where the compound contaiming a —CN functional group
includes a compound represented by formula I-A:

(1-A)
CN
RTT

M
"o | i
H

R4

CN;

M 1s at least one selected from the group consisting of N,
P, C, and Si;

R,,, R,,, and R,,; are independently selected from a
substituted or non-substituted C,-C,, alkylene group, a
substituted or non-substituted C,-C,, alkylene group, a
substituted or non-substituted C,-C, alkylene group, a sub-
stituted or non-substituted C,-C, alkenylene group, a sub-
stituted or non-substituted C,-C,, alkenylene group, a sub-
stituted or non-substituted C,-C, alkenylene group, an
R,—S—R group or an R,—O—R group, R, and R being
independently selected from a substituted or non-substituted
C,-C,, alkylene group or a substituted or non-substituted
C,-C, alkylene group:;

n 1s selected from O or 1;

R, . 1s selected from H, fluorine, a cyano group, a substi-
tuted or non-substituted C,-C,, alkyl group, a substituted or
non-substituted C,-C,, alkyl group, a substituted or non-
substituted C,-C, alkyl group, a substituted or non-substi-
tuted C,-C,, alkenyl group, a substituted or non-substituted
C,-C,, alkenyl group, a substituted or non-substituted C,-C
alkenyl group, an R,—S—R group, or an R,—O—R group,
R, and R being independently selected from a substituted or
non-substituted C,-C,, alkyl group, or a substituted or
non-substituted C,-C. alkyl group;

when being substituted, a substituent i1s selected from a
halogen, a cyano group, a C,-C, alkyl group, a C,-C,
alkenyl group, or any combination thereof; and

when M 1s N or P, only three of R, R;,, R;5, and R, , are
present.

In some embodiments, the compound containing a P—O
bond includes at least one of a compound represented by
formula II-A or compounds represented by 1I-B:

(I1-A)
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-continued
(1I-B)

where R, R,,, R,5, R,., R,, and R, are each indepen-
dently selected from R“ Si—(R"), or R'—S1—(R");;

R“ and R" are each independently selected from a C,-C,,
alkyl group, a C,-C,, alkyl group, a C,-C, alkyl group, a
C,-C,, alkenyl group, a C,-C,, alkenyl group, a C,-C
alkenyl group, a C,-C,, cyclic hydrocarbon group, a C,-C,
cyclic hydrocarbon group, a C.-C,, cyclic hydrocarbon
group, a C.-C., aryl group, a C.-C,, aryl group or a C.-C,,
aryl group;

R' 1s selected from a C,-C,, alkylene group, a C,-C,,
alkylene group, a C,-C, alkylene group, a C,-C,, alkenylene
group, a C,-C,, alkenylene group, or a C,-C, alkenylene
group; and

R,,, R,,, R,:, R,., R,;, and R, are each independently
substituted or non-substituted, and a substituent group for
substitution 1s selected from a halogen, a C,-C, alkyl group,
a C,-C, alkenyl group, or any combination thereof.

In some embodiments, at least one of R, R,,, R,;, R,
R,-, and R, includes a S1 atom.

In some embodiments, the compound containing a —CN
functional group includes at least one of the following

compounds:

(I-1)
CN

O
NN
O O
/%/ \/\CN,
NC

N

\O
NC /\/ O\)\/O\/\CN

CN

(I-2)

a2

(I-3)

(I-4)

(1-5)
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NC\

NC\/\/CN,

CN

NC/\)\/\CN

CN

CN,
/

?
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(I-6)

(I-7)

(I-8)

(I-9)

(1-10)

(I-11)

In some embodiments, the compound containing a P—O
bond includes at least one of the following compounds:

O
N
i i
~ \O/‘\O/ NS
AN ,.»*'"O
S1

O
N
TG P

VNG \\o/\=
O

(1I-1)

(11-2)

(11-3)
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-continued
(11-4)

/
(1-5)
\

(11-6)
(11-7)

(11-8)

ro
(11-9)
\“\”Si\ PN F
< o7 | Do
O EF, or
F
F F
F

(11-10)

‘“‘“\“‘Si

P .
NG \\o/
O

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the compound
containing a —CN functional group 1s about 0.01 wt % to
about 10 wt %. In some embodiments, based on the total
weight of the electrolytic solution, the weight percentage of
the compound containing a —CN functional group 1s not
greater than about 10 wt %, not greater than about 5 wt %,
not greater than about 4 wt %, not greater than about 3 wt
%, not greater than about 2.0 wt %, not greater than about
1.5 wt %, or not greater than about 1.0 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the compound containing,
a —CN functional group 1s not less than about 0.1 wt %, not
less than about 0.3 wt %, not less than about 0.5 wt %, or not
less than about 0.6 wt %. In some embodiments, based on
the total weight of the electrolytic solution, the weight
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percentage of the compound containing a —CN functional
group 1s about 0.1 wt % to about 5 wt %.

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the compound
containing a P—O bond 1s about 0.01 wt % to about 5 wt %.
In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the compound
containing a P—O bond 1s not greater than about 5 wt %, not
greater than about 2.0 wt %, not greater than about 1.5 wt %,
or not greater than about 1 wt %. In some embodiments,
based on the total weight of the electrolytic solution, the
weilght percentage of the compound containing a P—O bond
1s not less than about 0.01 wt %, not less than about 0.1 wt
%, not less than about 0.3 wt %, not less than about 0.5 wt
%, or not less than about 0.6 wt %.

In some embodiments, the electrolytic solution further
includes a cyclic carbonate, and the cyclic carbonate
includes a compound represented by formula III-A:

(I1I-A)

wherein R, 1s selected from a substituted or non-substi-
tuted C,-C,, alkylene group, a substituted or non-substituted
C,-C,, alkylene group, a substituted or non-substituted
C,-C, alkylene group, a substituted or non-substituted
C,-C,, alkenylene group, a substituted or non-substituted
C,-C,, alkenylene group, or a substituted or non-substituted
C,-C, alkenylene group; and

when being substituted, a substituent 1s selected from a
halogen, a C,-C; alkyl group, a C,-C. alkenyl group or any
combination thereof.

In some embodiments, the cyclic carbonate includes at
least one of the following compounds: fluoroethylene car-
bonate, vinylene carbonate, or vinylethylene carbonate.

In some embodiments, the cyclic carbonate includes at
least one of ethylene carbonate (EC), propylene carbonate
(PC), and butylene carbonate.

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the cyclic
carbonate 1s about 0.01 wt % to about 50 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the cyclic carbonate 1s
about 0.01 wt % to about 30 wt %. In some embodiments,
based on the total weight of the electrolytic solution, the
welght percentage of the cyclic carbonate 1s about 0.01 wt
% to about 10 wt %. In some embodiments, based on the
total weight of the electrolytic solution, the weight percent-
age of the cyclic carbonate 1s about 5 wt % to about 30 wt
%. In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the cyclic
carbonate 1s about 5 wt % to about 20 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the cyclic carbonate 1s
about 0.01 wt %, about 0.05 wt %, about 0.1 wt %, about 1
wt %, about 5 wt %, about 10 wt %, about 20 wt %, about
30 wt %, about 40 wt %, or about 50 wt %.

The cyclic carbonate 1s combined with the compound
contaiming a —CN functional group and the compound
containing a P—O bond, so that the anode has excellent
film-forming stability, mterface protection of the anode can
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be enhanced, and the storage performance of an electro-
chemical device (such as a battery) under a low voltage can
be 1mproved.

In some embodiments, the electrolytic solution further
includes a carbonate compound containing a silicon func-
tional group, and the carbonate compound containing a
silicon functional group includes a compound represented

by formula IV-A:

(IV-A)
O
Ry )‘l\ Ry4o;
1\0 O/ 2

wherein R, and R, are each independently selected from
R%, S1—(R"); or R—S1—(R"),, and at least one of R, and
R, contains Si;

cach of R” and R" 1s each independently selected from a
C,-C,, alkyl group, a C,-C,, alkyl group, a C,-C, alkyl
group, a C,-C,, alkenyl group, a C,-C,, alkenyl group, a
C,-C, alkenyl group, a C,-C,, cyclic hydrocarbon group, a
C;-C,, cyclic hydrocarbon group, a C.-C, , cyclic hydrocar-
bon group, a C,-C., aryl group, a C.-C,. aryl group or a
Cs-C,, aryl group;

R' 1s selected from a C,-C,, alkylene group, a C,-C,,
alkylene group, a C,-C, alkylene group, a C,-C,, alkenylene
group, a C,-C,, alkenylene group, or a C,-C, alkenylene
group; and

R,, and R, are each independently substituted or non-
substituted, and when being substituted, a substituent 1s
selected from a halogen, a C,-C, alkyl group, a C,-C,
alkenyl group or any combination thereof.

In some embodiments, the carbonate compound contain-
ing a silicon functional group includes at least one of the
following compounds:

(formula IV-1)

.
N <
o 0”7 N,
o (formula IV-2)
~! L
N 0~ O\,
o (formula IV-3)
L
NG 07 N or
o (formula [V-4)

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the carbonate
compound containing a silicon functional group 1s about
0.01 wt % to about 50 wt %. In some embodiments, based
on the total weight of the electrolytic solution, the weight
percentage of the carbonate compound containing a silicon
functional group 1s about 5 wt % to about 30 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the carbonate compound
containing a silicon functional group 1s about 10 wt % to
about 20 wt %. In some embodiments, based on the total
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weight of the electrolytic solution, the weight percentage of
the carbonate compound containing a silicon functional
group 1s about 5 wt % to about 20 wt %. In some embodi-
ments, based on the total weight of the electrolytic solution,
the weight percentage of the carbonate compound contain-
ing a silicon functional group 1s about 5 wt %, about 10 wt
%, about 15 wt %, about 20 wt %, about 25 wt %, about 30
wit %, about 35 wt %, about 40 wt %, about 45 wt % or about
S50 wt %.

The carbonate compound containing a silicon functional
group 1s combined with the compound containing a —CN
functional group and the compound containing a P—O
bond, so that the electrolytic solution has low surface tension
and excellent chemical stability, thermal stability, and oxi-
dation resistance, and a layer of stable protective film can be
tormed on the surface of the electrode, thereby reducing heat
produced by decomposition of the electrolytic solution on
the surface of the electrode during charging an electrochemai-
cal device (such as a lithium 10n battery), so as to improve
the overcharge performance of the electrochemical device.

In some embodiments, the electrolytic solution further
includes a carboxylate, and the carboxylate includes a com-
pound represented by formula V-A:

(V-A)
O
)’I\ Rs;
R, o~

where R;, and R, are each independently selected from
a substituted or non-substituted C,-C,, alkyl group, a sub-
stituted or non-substituted C,-C, , alkyl group, a substituted
or non-substituted C,-C, alkyl group, a substituted or non-
substituted C,-C,, alkenyl group, a substituted or non-
substituted C,-C,, alkenyl group, or a substituted or non-
substituted C,-C. alkenyl group; and

when being substituted, a substituent i1s selected from a
halogen, a C,-C, alkyl group, a C,-C, alkenyl group or any
combination thereof.

In some embodiments, the carboxylate includes at least
one of the following compounds: propylpropionate, trifluo-
roethylacetate, fluoroethylacetate, methylacetate, ethylac-
ctate, propylacetate, isopropylacetate, butylacetate, sec-
butylacetate, mephendioxan, tert-butylacetate,
methylpropionate, ethylpropionate, 1sopropylpropionate,
methylbutyrate, ethylbutyrate, propylbutyrate, 1somethylbu-
tyrate, 1soethylbutyrate, methylvalerate, ethylvalerate, meth-
ylpivalate, and ethylvalerate.

In some embodiments, based on the total weight of the
clectrolytic solution, the content of the carboxylate 1s about
0.01 wt % to about 60 wt %. In some embodiments, based
on the total weight of the electrolytic solution, the content of
the carboxylate 1s about 5 wt % to about 40 wt %. In some
embodiments, based on the total weight of the electrolytic

solution, the content of the carboxylate 1s about 5 wt % to
about 30 wt %. In some embodiments, based on the total
weight of the electrolytic solution, the content of the car-
boxylate 1s about 5 wt % to about 20 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the content of the carboxylate 1s about 0.01 wt %,
about 0.1 wt %, about 1 wt %, about 5 wt %, about 10 wt
%, about 20 wt %, about 30 wt %, about 40 wt %, about 50
wt % or about 60 wt %.
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Taking a lithium 1on battery as an example, the carboxy-
late can 1improve the transmission capability of lithium 10ns
in the electrolyte.

In some embodiments, the electrolyte further includes a
lithium salt additive, and the lithium salt additive 1s selected
from at least one of the following lithtum salts: Lithium
bis(trifluoromethanesulphonyl)imide LiN(CF;S0,),,
lithium bis(fluorosulfonylyimide (Li1TFSI for short), Li(IN
(SO, F),) (L1FSI for short), lithtum bis(oxalate)borate 1B
(C,0,), (LiBOB {for short), lithium tetrafluorophosphate
xalate LiPF,C,O,, lithium difluoro(oxalate)borate LiBF,
(C,0,) (LiDFOB for short), and lithium difluorophosphate
(L1PO,F,).

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the lithium
salt additive 1s about 0.01 wt % to about 18 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the lithium salt additive 1s
about 0.1 wt % to about 15 wt %. In some embodiments,
based on the total weight of the electrolytic solution, the
weilght percentage of the lithium salt additive 1s about 0.01
wt %, about 0.1 wt %, about 0.5 wt %, about 1 wt %, about
2 wt %, about 5 wt % or about 10 wt %.

In some embodiments, the lithium salt additive and
lithium hexafluorophosphate are used in combination with
the compound containing a —CN functional group and the
compound containing a P—O bond, so that the stability of
lithium hexafluorophosphate can be enhanced; moreover,
the lithium salt additive can also participate in and form a
functional organic composite film, to reduce side reactions
between the active material and the electrolytic solution,
thereby improving the cycle performance of the battery.

In some embodiments, the electrolytic solution further
includes a cesium salt additive, and the cesium salt additive
includes cesium hexatluorophosphate (CsPF . for short).

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the cesium
salt additive 1s about 0.01 wt % to about 18 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the cesium salt additive 1s
about 0.1 wt % to about 15 wt %. In some embodiments,
based on the total weight of the electrolytic solution, the
weight percentage of the cesium salt additive 1s about 0.01
wt %, about 0.1 wt %, about 0.5 wt %, about 1 wt %, about
2 wt %, about 5 wt %, or about 10 wt %.

In some embodiments, the electrolytic solution further
includes a dinitrile compound. The dinitrile compound has
small steric hindrance, and therefore can overcome film-
forming defects of multi-nitrile substances, thereby enhanc-
ing the interface protection for the cathode matenal.

In some embodiments, the dinitrile compound includes,
but 1s not limited to, butanedinitrile, pentanedinitrile,
hexanedinitrile, 1,5-dicyanopentane, 1,6-dicyanohexane,
1,7-dicyanoheptane, 1,8-dicyanooctane, 1,9-dicyanononane,
1,10-dicyanodecane, 1,12-dicyanododecane, tetramethylbu-
tanedinitrile, 2-methylpentanedinitrile, 2,4-dimethylpen-
tanedinitrile, 2,2.4.4-tetramethylpentanedinitrile, 1,4-dicya-
nopentane, 1,4-dicyanopentane, 2,5-dimethyl-2,5-
hexanedicarbonitrile, 2,6-dicyanoheptane, 2,7-
dicyanooctane, 2,8-dicyanononane, 1,6-dicyanodecane, 1,2-
dicyanobenzene, 1,3-dicyanobenzene, 1,4-dicyanobenzene,
3,5-dioxa-pimelodinitrile, 1,4-bis(cyanoethoxy)butane, eth-
yleneglycoldi(2-cyanoethyl)ether, diethyleneglycoldi(2-
cyanoethyl)ether, trniethyleneglycoldi(2-cyanoethyl)ether,
tetracthyleneglycoldi (2-cyanoethyl)ether, 3,6,9,12,135,18-
hexaoxaeicosanoicdinitrile, 1,3-bis(2-cyanoethoxy )propane,
1,4-bis(2-cyanoethoxy)butane, 1,5-bis(2-cyanoethoxy)pen-
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tane and ethyleneglycoldi(4-cyanobutyl)ether, 1.,4-dicyano-
2-butene, 1,4-dicyano-2-methyl-2-butene, 1.,4-dicyano-2-
cthyl-2-butene, 1,4-dicyano-2,3-dimethyl-2-butene,
dicyano-2,3-diethyl-2-butene, 1,6-dicyano-3-hexene,
dicyano-2-methyl-3-hexene, and 1,6-dicyano-2-methyl-5-
methyl-3-hexene.

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the dinitrile
compound 1s about 0.1 wt % to about 15 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the dinitrile compound 1s
not less than about 0.1 wt %. In some embodiments, based
on the total weight of the electrolytic solution, the weight
percentage of the dinitrile compound 1s not less than about
0.5 wt %. In some embodiments, based on the total weight
of the electrolytic solution, the weight percentage of the
dinitrile compound 1s not less than about 2 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the dinitrile compound 1s
not less than about 4 wt %. In some embodiments, based on
the total weight of the electrolytic solution, the weight
percentage ol the dinitrile compound 1s not greater than
about 15 wt %. In some embodiments, based on the total
weight of the electrolytic solution, the weight percentage of
the dinitrile compound 1s not greater than about 10 wt %. In
some embodiments, based on the total weight of the elec-
trolytic solution, the weight percentage of the dinitrile
compound 1s not greater than about 8 wt %.

In some embodiments, the electrolytic solution further
includes a cyclic ether. The cyclic ether can form films on
the cathodes and anodes at the same time, thereby reducing
reactions between the electrolytic solution and the active
material.

In some embodiments, the cyclic ether includes, but 1s not
limited to, tetrahydrofuran, 2-methyltetrahydrofuran, 1,3-
dioxolan, 2-methyl 1,3-dioxolan, 4-methyl-1,3-dioxolan,
1,3-dioxane, 1,4-dioxane, and dimethoxypropane.

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the cyclic
ether 1s about 0.1 wt % to 10 wt %. In some embodiments,
based on the total weight of the electrolytic solution, the
weight percentage of the cyclic ether 1s not less than about
0.1 wt %. In some embodiments, based on the total weight
of the electrolytic solution, the weight percentage of the
cyclic ether 1s not less than about 0.5 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the cyclic ether 1s not
greater than about 2 wt %. In some embodiments, based on
the total weight of the electrolytic solution, the weight
percentage of the cyclic ether 1s not greater than about 5 wt
%.

In some embodiments, the electrolytic solution further
includes a chain ether. In some embodiments, the chain ether
includes, but 1s not limited to, dimethoxymethane, 1,1-

dimethoxyethane, 1,2-dimethoxyethane, diethoxymethane,
1,1-diethoxyethane, 1,2-diethoxyethane,
cthoxymethoxymethane, 1,1-ethoxymethoxyethane, and

1,2-ethoxymethoxyethane.

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the chain
ether 1s about 0.1 wt % to 10 wt %. In some embodiments,
based on the total weight of the electrolytic solution, the
welght percentage of the chain ether i1s not less than about
0.5 wt %. In some embodiments, based on the total weight
of the electrolytic solution, the weight percentage of the
chain ether 1s not less than about 2 wt %. In some embodi-
ments, based on the total weight of the electrolytic solution,
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the weight percentage of the chain ether 1s not less than
about 3 wt %. In some embodiments, based on the total
weight of the electrolytic solution, the weight percentage of
the chain ether 1s not greater than about 10 wt %. In some
embodiments, based on the total weight of the electrolytic
solution, the weight percentage of the chain ether 1s not
greater than about 5 wt %.

In some embodiments, the electrolytic solution further
includes a phosphorus-containing organic solvent. The
phosphorus-containing organic solvent can enhance the
safety performance of the electrolytic solution. In some
embodiments, the phosphorus-containing organic solvent
includes, but 1s not limited to, trimethylphosphate, trieth-
ylphosphate, dimethylethylphosphate, methyldiethylphos-

phate, ethylidenemethylphosphate, ethylideneethylphos-
phate, triphenylphosphate, trimethylphosphite,
triecthylphosphite, triphenylphosphite, tri(2,2,2-trifluoro-

cthyl)phosphate, and tr1(2,2,3,3,3-pentatluoropropyl)phos-
phate.

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the phospho-
rus-containing organic solvent 1s about 0.1 wt % to 10 wt %.
In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the phospho-
rus-containing organic solvent is not less than about 0.1 wt
%. In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the phospho-
rus-containing organic solvent i1s not less than about 0.5 wt
%. In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the phospho-
rus-containing organic solvent 1s not greater than about 2 wt
%. In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the phospho-
rus-containing organic solvent 1s not greater than about 3 wt
%. In some embodiments, based on the total weight of the
clectrolyte, the weight percentage of the phosphorus-con-
taining organic solvent 1s not greater than about 5 wt %.

In some embodiments, the electrolytic solution further
includes an aromatic fluorine-containing solvent. The aro-
matic fluorine-containing solvent can form a film rapidly so
as to protect the active material, and the fluorine-containing
substance can improve the infiltration performance of the
clectrolytic solution for the active material. In some embodi-
ments, the aromatic fluorine-containing solvent includes, but
1s not limited to, fluorobenzene, difluorobenzene, trifluo-
robenzene, tetrafluorobenzene, pentatluorobenzene,
hexafluorobenzene, trifluoromethylbenzene.

In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the aromatic
fluorine-containing solvent i1s about 0.1 wt % to 10 wt %. In
some embodiments, based on the total weight of the elec-
trolytic solution, the weight percentage of the aromatic
fluorine-containing solvent 1s not less than about 0.5 wt %.
In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the aromatic
fluorine-containing solvent 1s not less than about 2 wt %. In
some embodiments, based on the total weight of the elec-
trolytic solution, the weight percentage of the aromatic
fluorine-containing solvent 1s not greater than about 4 wt %.
In some embodiments, based on the total weight of the
clectrolytic solution, the weight percentage of the aromatic
fluorine-containing solvent 1s not greater than about 8 wt %.

II. Electrolyte

An clectrolyte used in the electrolytic solution in the
embodiments of the present application may be an electro-
lyte known 1n the prior art, wherein the electrolyte includes,
but 1s not limited to, an inorganic lithtum salt, such as
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[1CO,, LiAsF., LiPF,, LiBF,, LiSbF,, LiSO;F,
LIN(FSO,),, and the like; a fluorine-containing organic
lithium salt, such as LiCF,S0;, LIN(FSO,)(CF,SO,), LiN
(CF;S0O,),, LIN(C,F.SO,),, lithtum cyclic 1,3-hexatluoro-
propanedisulfonimide, lithium cyclic 1,2-tetrafluorethane-
disulfonimide, LiN(CF;SO,)}(C,F;S0O,), Li1C(CF;SO,),,
LiPF,(CF,),, LiPF (C,F.),, LiPF, (CF,S0O,),, LiPF,
(C,FS0,),, LiBF,(CF;),, LiBF,(C,F),, LiBF,(CF;S0,),,
and LiBF,(C,FSO,),; a lithium salt containing a dicarbox-
ylic complex, such as lithium bis(oxalato)borate, lithium
difluorooxalatoborate, = lithium  tri{oxalato)phosphate,
lithium ditfluorobis(oxalato )phosphate, and lithium tetratluo-
ro(oxalato)phosphate. In addition, the foregoing electrolyte
may use one of the atorementioned substances, or use two
or more of the alorementioned substances. For example, 1n
some embodiments, the electrolyte includes a combination
of LiPF. and LiBF,. In some embodiments, the electrolyte
includes a combination of an inorganic lithium salt, such as
LiPF. or LiBF,, and a fluorine-containing organic lithium
salt such as LiCF,SO;, LiIN(CF;50,),, or LIN(C,F.S0,),.
In some embodiments, the concentration of the electrolyte 1s
in a range from about 0.8 to about 3 mol/L, for example, 1n
a range irom about 0.8 to about 2.5 mol/L, in a range from
about 0.8 to about 2 mol/L, 1n a range from about 1 to about
2 mol/L, from about 0.5 to about 1.5 mol/L, from about 0.8
to about 1.3 mol/L, or from about 0.5 to about 1.2 mol/L., and
for another example, about 1 mol/L, about 1.15 mol/L, about
1.2 mol/L., about 1.5 mol/L, about 2 mol/L., or about 2.5
mol/L.

III. Electrochemical Device

The electrochemical device of the present application
includes any device in which an electrochemical reaction
occurs. Specilic examples of the electrochemical device
include all types of primary batteries, secondary batteries,
tuel batteries, solar batteries or capacitors. In particular, the
clectrochemical device 1s lithium secondary battery, includ-
ing a lithium metal secondary battery, a lithium 10n second-
ary battery, a lithium polymer secondary battery, or a lithium
ion polymer secondary battery. In some embodiments, the
clectrochemical device 1s an electrochemical device with a
cathode having a cathode active material capable of absorb-
ing and releasing metal 1ons and an anode having a negative
active material capable of absorbing and releasing metal
ions, and includes any of the foregoing electrolytic solutions
in this application.

1. Electrolytic Solution

The electrolytic solution used in the electrochemical
device of the present application 1s any of the foregoing
clectrolytic solutions in the present application. In addition,
the electrolytic solution used in the electrochemical device
of the present application may further include other electro-
lytic solutions without departing from the scope of the
subject of this application.

2. Anode

The anode material used 1n the electrochemical device of
the present application, and the construction and manufac-
turing method thereof are not particularly limited, and may
be any of the techmiques disclosed 1n the prior art. In some
embodiments, the anode may be the one described 1n U.S.
Pat. No. 9,812,739B, which is incorporated herein by ret-
erence 1n 1ts entirety.

In some embodiments, the anode includes a current col-
lector and a negative active material layer located on the
current collector. The anode active material includes a
material that reversibly intercalates and de-intercalates
lithium 10ons. In some embodiments, the material that revers-
ibly intercalates and de-intercalates lithium 1ons includes a
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carbon material. In some embodiments, the carbon material
may be any carbon-based negative active material generally
used 1n a lithtum 1on rechargeable battery. In some embodi-
ments, the carbon material includes, but 1s not limited to,
crystalline carbon, non-crystalline carbon, or a mixture
thereof. The crystalline carbon may be amorphous, tlake-
like, strip-like, spherical, or fibrous natural graphite or
artificial graphite. The non-crystalline carbon may be soft
carbon, hard carbon, mesophase pitch carbide, calcined
coke, and the like.

In some embodiments, the anode active material layer
includes an anode active material. In some embodiments, the
anode active material includes, but 1s not limited to, lithium
metal, structured lithium metal, natural graphite, artificial
graphite, mesocarbon microbeads (MCMB), hard carbon,
solt carbon, silicon, a silicon-carbon complex, a Li—Sn
alloy, a Li—Sn—0O alloy, Sn, SnO, SnO,, lithiated T10,—
L1, 110, with a spinel structure, a L1i—Al alloy, or any
combination thereof.

When the anode includes a silicon carbide, based on the
total weight of the anode active matenal, a ratio of silicon to
carbon 1s about 1:10 to about 10:1, and a median diameter
Dv50 of the silicon carbide compound 1s about 0.1 um to
about 100 um. When the anode includes an alloy matenal,
the anode active material layer can be formed by means of
evaporation, sputtering, plating, and the like. When the
anode includes lithtum metal, for example, the anode active
matenal layer 1s formed by using a spherical twisted con-
ductive skeleton and metal particles dispersed in the con-
ductive skeleton. In some embodiments, the spherical
twisted conductive skeleton may have a porosity of about
3% to about 85%. In some embodiments, a protective layer
may further be disposed on the anode active material layer
made of lithium metal.

In some embodiments, the anode active material layer
may include a binder, and optionally a conductive material.
The binder increases the binding of the anode active material
particles to each other and the binding of the anode active
material to the current collector. In some embodiments, the
binder includes, but i1s not limited to, polyvinyl alcohol,
carboxymethyl cellulose, hydroxypropyl cellulose, diacetyl
cellulose, polyvinyl chloride, carboxylated polyvinyl chlo-
ride, polyvinyl fluoride, a polymer containing ethylene
oxide, polyvinylpyrrolidone, polyurethane, polytetratiuoro-
cthylene, poly(1,1-vinylidenetluoride), polyethylene, poly-
propylene, styrene butadiene rubber, acrylated styrene buta-
diene rubber, epoxy resins, Nylon and the like.

In some embodiments, the conductive material includes,
but 1s not limited to, a carbon-based material, a metal-based
material, a conductive polymer, or a mixture thereof. In
some embodiments, the carbon-based material 1s selected
from natural graphite, artificial graphite, carbon black,
acetylene black, Ketjen black, carbon fiber, or any combi-
nation thereof. In some embodiments, the metal-based mate-
rial 1s selected from metal powders, metal fibers, copper,
nickel, aluminum, and silver. In some embodiments, the
conductive polymer 1s a polyphenylene derivative.

In some embodiments, the current collector includes, but
1s not limited to, copper foil, nickel foil, stainless steel foil,
titantum foil, foamed nickel, foamed copper, polymeric
substrates coated with a conductive metal, and any combi-
nation thereof.

The anode can be prepared by using a preparation method
well known in the art. For example, the anode may be
obtained by mixing an active material, a conductive material
and a binder 1mn a solvent to prepare an active material
composition, and coating the active material composition on
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a current collector. In some embodiments, the solvent may
include, but 1s not limited to, water.

3. Cathode

The cathode material used in the electrochemical device
of this application can be prepared by using materials,
construction and manufacturing methods well known 1n the
art. In some embodiments, the cathode of this application
can be prepared using the technique described 1 U.S. Pat.
No. 9,812,739B, which 1s incorporated herein by reference
in its entirety.

In some embodiments, the cathode includes a current
collector and a cathode active material layer on the current
collector. The cathode active material includes at least one
lithiated intercalation compound that reversibly intercalates
and de-intercalates lithium 10ns. In some embodiments, the
cathode active material includes a composite oxide. In some
embodiments, the composite oxide contains lithium and at
least one element selected from the group consisting of
cobalt, manganese, and nickel.

In some embodiments, the cathode active material 1s
selected from lithium cobaltate (LL1CoQO.,), lithium nickel
cobalt manganese (NCM) ternary material, lithium 1ron
phosphate (LiFePO,), lithium manganate (I.iMn,O,) or any
combination thereof.

In some embodiments, the cathode active material may
have a coating on 1ts surface or may be mixed with another
compound having a coating. The coating may include at
least one coating element compound selected from the group
consisting of an oxide of a coating element, a hydroxide of
a coating element, an oxyhydroxide of a coating element, an
oxycarbonate of a coating element, and a hydroxycarbonate
of a coating element. The compound used for the coating
may be amorphous or crystalline.

In some embodiments, the coating element contained in
the coating may include Mg, Al, Co, K, Na, Ca, S1, 11, V, Sn,
Ge, Ga, B, As, Zr, F or any combination thereof. The coating
may be applied by using any method as long as the method
does not adversely affect the performance of the cathode
active material. For example, the method may include any
coating method known 1n the art, such as spraying, dipping,
and the like.

The cathode active material layer further includes a
binder, and optionally a conductive matenial. The binder
increases the binding of the cathode active material particles
to each other and the binding of the cathode active material
to the current collector.

In some embodiments, the binder includes, but i1s not
limited to, polyvinyl alcohol, hydroxypropyl cellulose,
diacetyl cellulose, polyvinyl chloride, carboxylated polyvi-
nyl chloride, polyvinyl fluoride, a polymer containing eth-
yvlene oxide, polyvinylpyrrolidone, polyurethane, polytet-
rafluoroethylene, poly(1,1-vinylidenefluoride),
polyethylene, polypropylene, styrene butadiene rubber,
acrylated styrene butadiene rubber, epoxy resins, Nylon and
the like.

In some embodiments, the conductive material includes,
but 1s not limited to, a carbon-based material, a metal-based
maternial, a conductive polymer, and a mixture thereof. In
some embodiments, the carbon-based material 1s selected
from natural graphite, artificial graphite, carbon black,
acetylene black, Ketjen black, carbon fiber, or any combi-
nation thereof. In some embodiments, the metal-based mate-
rial 1s selected from metal powders, metal fibers, copper,
nickel, aluminum, and silver. In some embodiments, the
conductive polymer 1s a polyphenylene derivative.

In some embodiments, the current collector may be, but 1s
not limited to, aluminum.
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The cathode can be prepared by using a preparation
method well known 1n the art. For example, the cathode can
be obtained by mixing an active material, a conductive
material and a binder 1n a solvent to prepare an active
material composition, and coating the active material com-
position on a current collector. In some embodiments, the
solvent may include, but 1s not limited to, N-methylpyrroli-
done or the like.

In some embodiments, the cathode 1s prepared by forming
a cathode maternial with a cathode active material layer
including a lithtum-transition metal compound powder and
a binder on a current collector.

In some embodiments, the cathode active matenial layer
can generally be produced by dry mixing a cathode material
and a binder (and a conductive material and a thickener 1f
needed) to form tlakes, and pressing the obtained flakes on
a cathode current collector; or dissolving or dispersing the
material mm a liquid medium to form a slurry, coating the
slurry on a cathode current collector, and drying. In some
embodiments, the material of the cathode active material
layer includes any material known in the art.

4. Separator

In some embodiments, the electrochemical device of this
application 1s provided with a separator between the cathode
and the anode to prevent short circuit. The material and
shape of the separator used in the electrochemical device of
this application are not particularly limited, and may be any
of the techniques disclosed 1n the prior art. In some embodi-
ments, the separator includes a polymer or an inorganic
substance or the like formed of a material which 1s stable
against the electrolytic solution of this application.

For example, the separator may include a substrate layer
and a surface treatment layer. The substrate layer 1s a
nonwoven fabric, film, or composite film having a porous
structure, and the material of the substrate layer 1s at least
one selected from the group consisting of polyethylene,
polypropylene, polyethylene terephthalate, and polyimide.
Particularly, a porous polypropylene film, a porous polyeth-
ylene film, a polypropylene nonwoven fabric, a polyethylene
nonwoven fabric, or a porous polypropylene-polyethylene-
polypropylene composite film may be used.

At least one surtace of the substrate layer 1s provided with
a surface treatment layer, which may be a polymer layer or
an 1organic layer, or a layer formed by mixing a polymer
and an inorganic material.

The 1norganic layer includes inorganic particles and a
binder. The morganic particles are at least one selected from
the group consisting of alumina, silica, magnesia, titania,
hatmmum dioxide, tin oxide, certum dioxide, nickel oxide,
zinc oxide, calcium oxide, zirconia, yttria, silicon carbide,
cbochmite, aluminum hydroxide, magnesium hydroxide,
calcium hydroxide and barium sulfate, or a combination of
more than one thereof. The binder 1s one selected from the
group consisting of polyvinylidene fluoride, a copolymer of
vinylidene fluoride-hexafluoropropylene, polyamide, poly-
acrylonitrile, polyacrylate ester, polyacrylic acid, a poly-
acrylate salt, polyvinylpyrrolidone, polyvinyl ether, polym-
cthyl methacrylate, polytetrafluoroethylene, and
polyhexafluoropropylene, or a combination of more than
one thereof. The polymer layer contains a polymer, and the
material of the polymer includes at least one of polyamide,
polyacrylonitrile, polyacrylate ester, polyacrylic acid, a
polyacrylate salt, polyvinylpyrrolidone, polyvinyl ether,
polyvinylidene fluoride or poly(vinylidene fluonde-
hexafluoropropylene).
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IV. Application
The electrolytic solution according to the embodiments of

this application can be used for improving the rate perfor-
mance, a normal-temperature storage capacity retention rate,
as well as cyclic storage and high-temperature storage
performance of the battery, and 1s suitable for use 1n elec-
tronic equipment containing the electrochemical device.

The use of the electrochemical device of this application
1s not particularly limited, and the electrochemical device
can be used 1n various known applications, such as notebook
computers, pen-input computers, mobile computers, e-book
players, portable phones, portable fax machines, portable
copiers, portable printers, head-mounted stereo headphones,
video recorders, LCD TVs, portable cleaners, portable CD
players, min1 disc players, transceivers, electronic note-
books, calculators, memory cards, portable recorders,
radios, backup power sources, motors, vehicles, motor-
cycles, scooters, bicycles, lighting apparatus, toys, game
consoles, clocks, electric tools, flashlights, cameras, large
batteries for household use, or lithium 10n capacitors.

The preparation and performance of the lithium 1on
battery of this application are 1llustrated in the following by
using a lithium 1on battery as an example 1n combination
with the specific embodiments for preparing the electrolytic
solution of this application and test methods for the elec-
trochemical device. A person skilled 1n the art will under-
stand that, the preparation methods described 1n this appli-
cation are merely an example, and all other suitable
preparation methods fall within the scope of this application.

Although a lithium 1on battery 1s used as an example for
the description, a person skilled 1n the art can concerve that
the cathode material of this application can be used for other
suitable electrochemical devices. Such electrochemical
devices include any devices 1n which electrochemical reac-
tions occur. Specific examples of such electrochemical
devices include all types of primary batteries, secondary
batteries, fuel batteries, solar batteries or capacitors. In
particular, the electrochemical device 1s a lithium secondary
battery, including a lithium metal secondary battery, a
lithium 10n secondary battery, a lithium polymer secondary
battery, or a lithtum 1on polymer secondary battery.

EXAMPLES

Hereinafter, this application will be specifically described
by way of examples and comparative examples; however,
this application 1s not limited to these examples as long as
they do not deviate from the subject of this application.

1. Preparation of a Lithium Ion Battery

1) Preparation of an electrolytic solution: In an argon
atmosphere glove box with a water content less than 10 ppm,
cthylene carbonate (EC), diethyl carbonate (DEC), and
propylene carbonate (PC) were evenly mixed according to a
weight ratio of about 3:4:3, and then a sufliciently dried
lithium salt LiPF, was dissolved in the solvent to obtain a
basic electrolytic solution, where the concentration ot LiPF
in the basic electrolytic solution was about 1 mol/L. Sub-
stances with diflerent contents shown 1n the following tables
were added to the basic electrolytic solution to obtain
clectrolytic solutions 1n different examples and comparative
examples. The contents of all the substances in the electro-
lytic solution described below were calculated based on the
total weight of the electrolytic solution.

2) Preparation of a cathode: The cathode active material
lithium cobalt oxide (L1CoQO,), the conductive agent acety-
lene black, and the binder polydifluoroethylene (PVDEF)

were fully stirred and mixed in an appropriate amount of
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N-methylpyrrolidone (NMP) solvent according to a weight
ratio of about 96:2:2, to form a uniform cathode slurry. The
slurry was coated on a current collector Al foil of the
cathode, dried, and cold-pressed to obtain a positive pole
piece.

3) Preparation of an anode: The anode active material
graphite, the conductive agent acetylene black, the binder
styrene butadiene rubber (SBR), and the thickener sodium
carboxymethylcellulose (CMC) were fully stirred and mixed
in an appropriate amount of deionized water solvent accord-
ing to a weight ratio of about 95:2:2:1, to form a uniform
anode slurry. The slurry was coated on a current collector Cu
fo1l of the anode, dried, and cold-pressed to obtain a negative
pole piece.

4) Separator: A porous PE polymer film was used as a
separator.

5) Preparation of a lithium 1on battery: The cathode, the
separator, and the anode were stacked in sequence, so that
the separator was located between the cathode and the anode
to act as the msulation, then wound and placed 1n packaging
to1l, with a liquid imjection port remained. The electrolytic
solution was poured into the liquid injection port, and a
lithium 10n battery was produced after processes such as
vacuum packaging, standing, formation, and shaping.

The compounds containing a —CN functional group used
in the examples are shown as follows:

(I-1)

CN
O
NC
\/\O O
\/\CN,
(I-2)
NC\
\O
.
NC /\/ \/\CN, or

(I-7)

The compounds containing a P—O bond used in the
examples are shown as follows:

(II-1)

0
S
P 1“‘*0/\\0/ ~.
~._ Y
S1
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-continued
(I1I-5)

e
(11-9)
"‘"‘581 P ‘
NG ‘\O/\‘l(
/0 F

The specific cyclic carbonate used 1n the examples was
fluoroethylene carbonate (FEC) or vinylethylene carbonate
(VEC).

The silicon-containing carbonate used in the examples 1s
shown as follows:

(formula IV-1)

1|
s
1
\O O/ N, or
(formula IV-2)
O
J P
1 1
/ \O O/ \ _

The specific carboxylate used 1n the examples was pro-
pylpropionate (PP) or trifluoroethylacetate (1FEA).

The specific lithium salt additive used 1n the examples
was lithium tetratluorophosphateoxalate (L1PF,C,O,).

The specific cesium salt additive used 1n the examples
was cesium hexatluorophosphate (CsPF).

A. The electrolytic solutions and lithium 1on batteries 1n
Examples 1-18 and Comparative Examples 1-4 were pre-
pared according to the foregoing preparation method,
wherein the contents of substances in the electrolytic solu-
tions are shown in Table 1.

TABLE 1

Compound

containing a P—O
bond (wt %)

Compound containing a

—CN functional
oroup (wt %)

No. [-2 [-7 II-1 II-5 11-9

0.1
0.3

0.5
— 1

Exampl
Exampl
Example 3
Exampl
Exampl
Exampl
Exampl
Exampl
Exampl
Example 1
Example 1
Example 1
Example 1
Example 1
Example 1
Example 1
Example 1
Example ]

[—
A
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TABLE 1-continued

Compound
containing a P—O

bond (wt %)

Compound containing a
—CN functional
oroup (wt %)

No. I-1 [-2 [-7 II-1 II-5 11-9

Comparative
Example 1
Comparative
Example 2
Comparative
Example 3
Comparative
Example 4

15 0.6

0.6

15

"—" represents substance not present.

The performance of the lithium 10n batteries in Examples
1-18 and Comparative Examples 1-4 was tested according to
the following test methods.

1. Floatation Performance Test:

The battery was discharged to 3.0 V at 0.5 C at a
temperature of 25° C., and then charged to 4.4 at 0.5 C. The
battery was charged to 0.05 C at the constant voltage of 4.4
V. The thickness of the battery at this time was recorded. The
thickness of the battery at this time was used as a reference,
which was marked as a,. Then, the battery was placed into
an oven at 45° C. and allowed to stand for 50 days at the
constant voltage of 4.4 V. A change in the thickness was
monitored and marked as b,. A formula for calculating the
floatation thickness swelling rate 1s as follows: thickness
percentage=(b,/a,—1)*10000. The thickness of the battery
was measured by using a PPG soit pack battery thickness
gauge, and the measurement was carried out at a pressure of
300 g. Test results after S0 days are shown 1n Table 2.

TABLE 2
45° C.-44 V 45° C.-44V
50 days 50 D
floatation floatation
thickness thickness
No. swelling rate No. swelling rate
Example 1 8.54% Example 12 0.25%
Example 2 7.80% Example 13 0.27%
Example 3 7.00% Example 14 6.30%
Example 4 6.60% Example 15 0.23%
Example 5 6.30% Example 16 6.22%
Example 6 6.20% Example 17 0.21%
Example 7 6.21% Example 1% 6.22%
Example 8 6.20% Comparative Example 1 20.50%
Example 9 6.21% Comparative Example 2 9.30%
Example 10 6.22% Comparative Example 3 18.10%
Example 11 6.23% Comparative Example 4 11.20%

It can be seen from the test results of Examples 1-14,
Comparative Example 1, and Comparative Example 3 that,
the addition of the compound containing a —CN functional
group and the compound contamming a P—O bond can
improve the floatation performance of the battery, because,
on one hand, the combination of them can protect the surface
of the active material better, and on the other hand, the
stability of the electrolytic solution can improve, thereby
reducing side reactions.

2. Nailing Test:

The battery was charged to 4.4 V at a constant current of
0.5 C at a temperature of 25° C. and then charged at the
constant voltage of 4.4 V until the current reached 0.05 C;
the voltage was kept 1n a full-state at the voltage of 4.4 V.
The temperature was 25+£5° C., the diameter of the nail was
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4 mm, a nailing speed was 30 mm/s, and the nail was
retained for 300 s. The battery passed the test 11 1t did not

burn or explode. The results of the nailing test are shown in
Table 3.

TABLE 3
No. 4.4 V-Nalil
Example 1 3/5pass
Example 2 4/5pass
Example 3 4/5pass
Example 4 5/5pass
Example 3 5/5pass
Example 6 5/5pass
Example 7 5/5pass
Example 8 5/5pass
Example 9 5/5pass
Example 10 5/5pass
Example 11 5/5pass
Example 12 5/5pass
Example 13 5/5pass
Example 14 5/5pass
Example 15 5/5pass
Example 16 5/5pass
Example 17 5/5pass
Example 18 5/5pass
Comparative Example 1 0/5pass
Comparative Example 2 2/5pass
Comparative Example 3 1/5pass
Comparative Example 4 2/5pass

It can be seen from the test results of Examples 1-14,
Comparative Example 1, and Comparative Example 3 that,
the addition of the compound containing a —CN functional
group and the compound contamning a P—O bond can
enhance the protection of the active material, thereby
improving the safety performance of the battery.

3. Cycle Impedance Test

The battery was charged to 4.4 V at 0.7 C at a temperature
of 25° C. and then charged to 0.05 C at the constant voltage
of 4.4 V. An impedance value of the battery in this state was
monitored and recorded by using a battery impedance test-
ing instrument. Then, the battery was discharged to 3.0 V at
a constant current of 1.0 C. The foregoing steps were
repeated. Impedance values of the battery during cycles
were recorded at frequency of every 10 cycles. Table 4
shows the impedance test results after the 800” cycle.

TABLE 4
800-cycles

No. impedance/milliochm
Example 1 37.7
Example 2 37.2
Example 3 37.1
Example 4 37
Example 5 36.9
Example 6 36.5
Example 7 36.7
Example 8 36.8
Example 9 37.1
Example 10 36.3
Example 11 36.2
Example 12 36.6
Example 13 36.6
Example 14 36.5
Example 15 36.3
Example 16 36.2
Example 17 36.2
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TABLE 4-continued

800-cycles
No. impedance/milliohm
Example 18 36.3
Comparative Example 1 554
Comparative Example 2 50.2
Comparative Example 3 43.5
Comparative Example 4 53.2

It can be seen from the test results of Examples 1-14,
Comparative Example 1, and Comparative Example 3 that,
the addition of the compound containing a —CN functional
group and the compound containing a P—O bond can
enhance the protection for the active material and reduce
side reactions, thereby improving the cycle impedance per-
formance of the battery.

B. The electrolytic solutions and lithtum 1on batteries 1n
Examples 19-27 were prepared according to the foregoing
preparation method, wherein the contents of the substances
in the electrolytic solutions are shown 1n Table 5.

TABLE 5
Compound
containing a P—O
Compound bond of a
containing a —CN phosphorous Cyclic
functional group functional group carbonate
(wt %) (wt %0) (wt %0)
No. I[-2 II-5 FEC  VEC
Example 11 2 0.6 -
Example 19 2 0.6 0.1
Example 20 2 0.6 2
Example 21 2 0.6 4
Example 22 2 0.6 6
Example 23 2 0.6 8
Example 24 2 0.6 10
Example 25 2 0.6 15
Example 26 2 0.6 -
Example 27 2 0.6 -

"—" represents substance not present.

A 4.4V floatation performance test and a 3.0V storage test
were performed on the batteries in Example 11 and
Examples 19-27, wherein the process of the 3.0V storage
test 1s as follows:

4. 3.0V Storage lest:

The battery was discharged to 3.0 V at 0.5 C, and after a
S-minute rest, the battery was continued to be discharged to
3.0 V at a current of 0.2 C. The thickness of the battery was
measured at this time, and recorded as a reference thickness,
marked as a,. Then, the battery was placed into an oven at
60° C. and allowed to stand for 15 days at a voltage o1 3 V
at a constant temperature. The battery was taken out after 15
days, and the thickness of the battery was measured within
1 h after the battery was taken out. The thickness of the
battery at this time was marked as b,. A formula for
calculating the thickness swelling rate 1s as follows: thick-
ness percentage=(b,/a,—1)*100%. The thickness of the bat-
tery was measured by using a PPG soft pack battery thick-
ness gauge, and the measurement was carried out under a

pressure of 300 g. The test results after 15 days are shown
in Table 6.
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TABLE 6

45° C.-4.4 V 50 days
floatation thickness

US 11,735,771 B2

60° C.-3.0 V 15
days thickness

No. swelling rate swelling rate
5
Example 11 6.23% 1.70%
Example 19 6.20% 6.00%
Example 20 6.18% 5.90%
Example 21 6.20% 5.80%
Example 22 6.18% 5.71%
Example 23 6.19% 5.71% 10
Example 24 6.20% 5.72%
Example 25 7.21% 5.74%
Example 26 6.17% 5.75%
Example 27 6.50% 5.65%
. 15

It can be seen from the test results of Example 11 and
Examples 19-277 that, the storage performance of the battery
at 3.0 V was significantly improved atter the cyclic carbon-
ate was added to the electrolytic solution, due to the excel-
lent film-forming eflect of the cyclic carboxylate on the .0
anode.

C. The electrolytic solutions and lithtum 1on batteries in
Examples 28-42 were prepared according to the foregoing
preparation method, wherein the contents of the substances
in the electrolytic solutions are shown 1n Table 7. s

TABLE 7
Compound Silicon-
containing a Compound containing
—CN containing a Cyclic chain 30)
functional P—O bond carbonate  carbonate
group (wt %) (wt %0) (wt %) (wt %)
No. I-2 11-5 FEC  IV-1 IV-2
Comparative — — — — —
Example 1 3>
Example 11 2 0.6 - - -
Example 22 2 0.6 6 - -
Example 2% 2 0.6 - 1 -
Example 29 2 0.6 - 5 -
Example 30 2 0.6 - 7 -
Example 31 2 0.6 — 10 — 40
Example 32 2 0.6 - 15 -
Example 33 2 0.6 - 20 -
Example 34 2 0.6 - 50 -
Example 35 2 0.6 - - 5
Example 36 2 0.6 - - 7
Example 37 2 0.6 6 1 — 45
Example 3% 2 0.6 6 5 -
Example 39 2 0.6 0 7 -
Example 40 2 0.6 6 10 -
Example 41 2 0.6 6 20 -
Example 42 2 0.6 6 50 -
50
"—" represents substance not present.
No.
Example 11
Example 22
Example 3%
Example 43
Example 44
Example 45
Example 46

30

A 4.4V floatation performance test, a 3.0V storage test,

and a 3 C/7V overcharge test were performed on the lithium
ion batteries 1in Examples 11 and 22 and Examples 28-42,

wherein the process of the 3 C/7V overcharge test was as
follows:

5. 3 C/7V Overcharge Test:
The battery was discharged to 3.0 V at 0.5 C, and after a

S-minute rest, the battery was charged to 7 V at a current of
3 C. The battery was charged for 1 h at the constant voltage

of 7 V. The battery passed the test 11 it does not burn or
explode. The results of the overcharge test are shown 1n

Table 8.
TABLE 8
45° C.-44V 60° C.-3.0V
50 days floatation 15 days 3CTV
thickness swelling thickness  overcharge

No. rate swelling rate test
Comparative Example 1 20.5% 15.6% 0/5pass
Example 11 6.23% 7.70% 1/5pass
Example 22 6.18% 5.71% 1/5pass
Example 28 6.18% 7.71% 4/5pass
Example 29 6.19% 7.73% 5/53pass
Example 30 6.20% 7.80% 5/5pass
Example 31 6.19% 7.91% 5/5pass
Example 32 0.18% 8.10% 5/5pass
Example 33 6.20% 8.30% 5/5pass
Example 34 6.19% 8.90% 5/5pass
Example 35 6.18% 7.75% 5/5pass
Example 36 6.19% 7.80% 5/5pass
Example 37 6.18% 5.72% 4/5pass
Example 38 6.19% 5.74% 5/5pass
Example 39 0.20% 5.80% 5/5pass
Example 40 6.18% 5.90% 5/5pass
Example 41 6.19% 6.00% 5/5pass
Example 42 6.20% 0.50% 5/5pass

It can be seen from the test results of Example 11,

Example 22, Examples 28-42 and Comparative Example 1

t

nat, the addition of the silicon-containing chain carbonate to

t

ne electrolytic solution can significantly improve the over-

charge safety performance of the battery.

D. The electrolytic solutions and lithium 1on batteries 1n

Examples 43-56 were prepared according to the foregoing
preparation method, wherein the contents of the substances
in the electrolytic solutions are shown 1n Table 9.

TABLE 9
Compound Silicon-
containing a Compound contamming
—CN containing a  Cyclic chain
functional P—O bond carbonate  carbonate Carboxylate
group (wt %) (wt %) (wt %0) (wt %) (wt %0)
I-2 II-5 FEC IV-1 PP TFEA
2 0.6 — — — —
2 0.6 6 — — —
2 0.6 6 5 — —
2 0.6 — — 5 —
2 0.6 — — 10 —
2 0.6 — — 15 —
2 0.6 — — 20 —
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TABLE 9-continued

32

Compound Silicon-
containing a Compound containing
—CN containing a  Cyclic chain
functional P—O bond carbonate  carbonate Carboxylate
group (wt %) (wt %) (wt %) (wt %) (wt %)
No. I-2 II-5 FEC IV-1 PP TFEA
Example 47 2 0.6 - - 30 -
Example 4% 2 0.6 - - 60 -
Example 49 2 0.6 - - - 15
Example 50 2 0.6 - - - 20
Example 51 2 0.6 6 - 15 -
Example 52 2 0.6 6 - 20 -
Example 53 2 0.6 6 5 10 -
Example 54 2 0.6 6 5 20 -
Example 33 2 0.6 6 5 30 -
Example 56 2 0.6 0 5 o0 -

A 4.4V floatation performance test, a 3.0V storage test, a

TABLE 10-continued

: 20
3 C/7V overcharge test, and a discharge rate test were
performed on the lithium ion batteries in Examples 11, 22, 45;554-4 v 60':1’5(353-0 v
_ : ays ays
apd 38 and Examples 43-56, i?.fherem the process of the foatation ddnass 3 O/ V 5o
dlSCharge rate test 1s as tollows: thickness swelling overcharge  discharge
6. Discharge Rate Test: 55 No. swelling rate rate test capacity
The battery was charged to 4.4 V at 0.2 C at a temperature
£950 rﬁ’[h h 2 dt0 0.05 C at th ¢ tp It Example 43 6.18% 7.71% 1/5pass 83.2%
O - aiid thenl charged 1o L. at e constail vollage Example 44 6.19% 7.69%  1/Spass 85.4%
of 4.4 V. The battery was discharged to 3.0 V at a current of Example 45 6.19% 7.71% 1/5pass R7.2%
0.5 C. The discharged capacity was recorded and marked as Example 46 6.20% 7.69% 1/5pass 88.1%
0 0 1 0
a,. Then, the battery was charged to 4.4 V at 0.2 C, and 10 Emmlj"e j; 2;8;’ ;';g;‘? ;gpags 22'2;’
xample 20% .69% 1/3pass 5%
charged to O.QS C at the constant voltage of 4.4 V. The Example 49 6 1994 7 7104 1/5pass 87 207
battery was discharged to 3.0 V with a current of 2 C, and Example 50 6.18% 7.69% 1/5pass R8.2%
the discharged capacity was recorded and marked as b5. The Example 51 6.18% 5.80% 1/5pass 83.2%
. . . 1 Q0 0 i 0
percentage of the capacity discharged with 2 C was calcu- Example 52 0.19 f’ 6.60 f’ L/5pass 88.1 f’
lated b q h . disch d 05 C. A Example 53 6.18% 5.75% 5/5pass 84.0%
ated based on the capacity discharged wi it 35 Example 54 6.19% 6.50%  4/5pass 85.1%
calculation formula was as 1follows: 2 C discharge Example 55 6.20% 7.70% 4/5pass R6.6%
capacity=b,/a,*100%. Test results are shown 1n Table 10. Example 56 6.20% 9.00%  3/5pass 87.5%
TABLE 10 .
It can be seen from the test results of Example 11,
45° C.-44V  60° C.-3.0V 40 Example 22, Example 38, and Examples 43-56 that, the
;0 days t}115 EI?}’S oy ) addition of the carboxylate to the electrolytic solution can
oatation ICKIESS : : . . . .
e swelling  overcharge  discharge significantly improve the 2 C discharge capacity of the
No. swelling rate rate test capacity battery '
Example 11 6 2304 770%  1/5pass 20.1% a5 b The electrolytic solutions and lltl}lum on batterles' n
0 0 0 -
Example 22 6.18% 5 719 1/5pass 0. 1% Examples 57-79 were prepared according to the foregoing
Example 38 6.19% 5.74%  5/Spass 75.4% preparation method, wherein the contents of the substances
in the electrolytic solutions are shown 1n Table 11.
TABLE 11
Compound Silicon-
containing a Compound containing
—CN containing a  Cyclic chain Lithium salt Cesium salt
functional @ P—O bond carbonate carbonate Carboxylate additive additive
group (wt %) (wt %) (wt %) (wt %0) (wt %0) (wt %) (wt %0)
No. [-2 11-5 FEC V-1 PP LiPF,C,0, CsPF,
Example 11 2 0.6 - - - - -
Example 22 2 0.6 6 - - - -
Example 38 2 0.6 6 D - - -
Example 46 2 0.6 - - 20 - -
Example 52 2 0.6 6 D 20 - -
Example 57 2 0.6 - - - 0.1 -
Example 5% 2 0.6 - - - 0.3 -
Example 59 2 0.6 - - - 0.5 -
Example 60 2 0.6 - - - 1 -
Example 61 2 0.6 - - - 2 -
Example 62 2 0.6 - - - 5 -
Example 63 2 0.6 - - - 10 -
Example 64 2 0.6 - - - - 0.1




No.

Examp
Examp
Examp
Examp

Exampl
le 70
le 71

Examp
Examp

Examp.
Examp!
Examp.
Examp.
le 76
le 77
le 78
le 79

Examp
Examp
Examp
Examp

le 65
le 66
le 67
le 68

e 69

e 72
e 73
e 74
e 75

Compound
containing a

—CN

functional
group (wt %)

[-2

T N T N T N T SN T S T AP S SO R B S I S T R B RS I e

—" represents substance not present.

33

Compound
containing a
P—O bond

(wt %0)
I1-5

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6

Cyclic

carbonate

(wt %0)
FEC

‘Gﬁﬂﬂﬂﬁﬂﬂﬂﬁﬂﬂ‘

G’Wﬂ*xﬂ*x‘
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TABLE 11-continued

Silicon-
containing
chain
carbonate Carboxylate
(wt %) (wt %0)
IV-1 PP
5 _
5 _
5 _
— 20
— 20
— 20
5 20
5 20
5 20

A 4.4V floatation performance test, a 3.0V storage test, a

3 C/7V overcharge test, a discharge rate test, and a 25° C.

25

capacity retention rate test were performed on the lithium
ion batteries in Examples 11, 22, 38, 46, 32, and 57-79,
wherein the process of the 25° C. capacity retention rate test

1s as follows:
7. 25° C. Cycle Test:

30

The battery was charged to 4.4 V at 0.7 C at a temperature
of 25° C., and then charged to 0.05 C at the constant voltage
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Cesium salt
additive
(wt %0)
CsPF,

Lithium salt
additive

(wt %)
LiPF,C50,

— 0.3
— 0.5

0.1 —
0.3 —
0.5 —
0.1 —
0.3 —
0.5 —
0.1 —
0.3 —
0.5 —
0.1 —
0.3 —
0.5 —

of 4.4 V. The battery was discharged to 3.0 V at a current of
1 C. The discharged capacity was recorded. The process of
charging at 0.7 C and discharging at 1 C was cycled 800
times. The battery capacity discharged 1n each cycle was
recorded. By using the battery capacity discharged in the
first cycle as a reference, a percentage of the battery capacity
discharged at 1 C 1n each cycle to the battery capacity
discharged 1n the first cycle was calculated. The test results
are shown in Table 12.

TABLE 12

25° C.-
45° C.-44V 800-
50 days 60° C.-3.0V cycles

floatation 15 days 3C/TV 2 C. capacity

thickness thickness  overcharge discharge retention

swelling rate  swelling rate test capacity rate

6.23% 7.70% 1/5pass 80.1% 83.2%
6.18% 5.71% 1/5pass 80.1% 84.2%
6.19% 5.74% 5/5pass 75.4% 83.8%
6.20% 7.71% 1/5pass 88.1% 82.1%
6.19% 6.50% 4/5pass 88.1% 83.7%
6.19% 7.65% 1/5pass 80.2% 85.4%
6.20% 7.60% 1/5pass 80.3% 87.4%
6.19% 7.51% 1/5pass 80.3% 87.8%
6.20% 7.40% 1/5pass 80.1% 87.5%
6.18% 7.31% 1/5pass 80.3% 87.4%
6.19% 7.32% 1/5pass 80.2% 87.4%
6.18% 7.41% 1/5pass 80.2% 87.3%
6.19% 7.64% 1/5pass 80.1% 83.4%
6.20% 7.55% 1/5pass 80.2% 87.4%
6.19% 7.48% 1/5pass 80.1% 87.8%
6.20% 7.35% 1/5pass 80.3% 87.5%
6.19% 5.61% 1/5pass 80.1% 85.4%
6.18% 5.55% 1/5pass 80.2% 88.4%
6.19% 5.51% 1/5pass 80.3% 89.0%
6.19% 5.71% 5/5pass 75.5% 83.1%
6.18% 5.65% 5/5pass 75.6% 85.4%
6.19% 5.60% 5/5pass 75.77% 86.0%
6.20% 7.65% 1/5pass 88.2% 84.1%
6.20% 7.60% 1/5pass 88.3% 86.2%
6.20% 7.55% 1/5pass 88.4% 86.9%
6.19% 6.40% 4/5pass 88.2% 84.5%
6.19% 6.35% 4/5pass 88.3% 87.3%
6.20% 6.3% 4/5pass 88.4% 87.6%
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It can be seen from the test results of Example 11,
Example 22, Example 38, Example 46, Example 52, and

36
TABLE 14-continued

Examples 57-79 that, after the lithium salt additive and the 457 C.-4.4 V 50 days 3C/6V
cesium salt additive were added to the electrolytic solution, N Hoatation thickness  Hot overcharge
_ . 0. swelling rate box test  test
the cycle capacity retention rate of the battery can be 5
significantly improved. The reason may be that the combi- Example 83 6.21% S/5pass  5/5pass
nation of the lithum salt and the cestum salt with the Example 84 6.21% 3/opass  4/5pass
compound containing a —CN functional group and the
compound contaiming a P—O bond enhances the protection It can be seen from the test results of Example 11 and
ellect of the electrolytic solution to the active material of the 10 Examples 80-84 that the additive in combination with the
battery. compound containing a —CN functional group and the
F. The electrolytic solutions and lithium 1on batteries in compound containing a P—O bond can improve the safety
Examples 80-84 were prepared according to the foregoing performance of the battery to some extent.
preparation method, wherein the contents of the substances Described above are merely some embodiments of the
in the electrolytic solutions are shown in Table 13. present invention, and are not intended to limit the present
TABLE 13
Compound
containing a Compound
—CN containing
functional a P—O Additive
group bond Butane- 1,3-  Diethoxy- Trimethyl Fluoro-
No. I[-2 II-5 dinitrile dioxolan methane phosphate benzene
Example 11 2 0.6 - - - - -
Example 80 2 0.6 3 - - - -
Example 81 2 0.6 - 1 - - -
Example 82 2 0.6 — — 3 — —
Example 83 2 0.6 - - - 4 -
Example 84 2 0.6 - - - - 6
"—" represents substance not present.
A 4.4V floatation performance test, a hot box test, and a invention 1 any form. Although the present invention 1is
3 C/6V overcharge test were performed on the lithium 1on disclosed above with exemplary embodiments, the present
batteries 1in Examples 11 and 80-84, wherein the processes 35 mnvention i1s not limited thereto. Changes or modifications
of the hot box test and 3 C/6V overcharge test were as made by any person skilled in the art according to the
follows: technical content disclosed above and without departing
8. Hot Box Test: from the scope of the technical solutions of the present
The battery was charged to 4.4 V at 0.7 C at a temperature invention are all equivalent to equivalent embodiments, and
of 25° C. and then charged to 0.05 C at the constant voltage 4, all fall within the scope of the technical solutions.
of 4.4 V. Next, the battery was placed into a test chamber, References throughout the specification to “embodi-
and the test chamber was heated at a rate of (5£2) © C./mun. ments”, “partial embodiments”, “one embodiment”,
When the temperature 1n the box reached 150° C.£2° C., the “another example”, “example”, “specific example” or “par-
temperature was maintained for 60 min. The battery passed tial examples” mean that at least one embodiment or
the test 11 1t did not burn or explode. 9. Overcharge Test: 45 example of the application includes specific features, struc-
The battery was charged to 6 V at 3 C at a temperature of tures, materials or characteristics described 1n the embodi-
25° C. and then charged at the constant voltage of 6 V. ments or examples. Thus, the descriptions appear throughout
Temperature changes of the battery were detected during the the specification, such as “in some embodiments™, “in an
test. The test was terminated upon occurrence of one of the embodiment”, “in one embodiment™, “in another example”,
following two situations: 50 ~an an example”, “in a particular example” or “for example™,
a) a continuous charging time of the battery reached 7 h; are not necessarily the same embodiment or example 1n the
and application. Furthermore, the particular features, structures,
b) the temperature of the battery lowered to a value that materials or characteristics herein may be combined 1n any
was 20% less than a peak value. suitable manner 1n one or more embodiments or examples.
The battery passed the test if 1t did not burn or explode. 55  While the 1llustrative embodiments have been shown and
The results of the hot box test and the overcharge test are described, 1t will be understood by a person skilled 1n the art
shown 1n Table 14: that the embodiments are not to be construed as limiting the
this application, and modifications, substitutions and
TABLE 14 changes can be made to the embodiments without departing
«o Irom the spirit, principle, and scope of the this application.
45° C.-4.4 V 50 days 3C/6V
floatation thickness Hot overcharge
No. swelling rate box test  test What 1s claimed 1s:
1. An electrolytic solution, comprising a compound con-
Frampe 11 0230 Hopass - J/5pass taining a —CN functional group and a compound containing
Example 80 5.80% 5/5pass 4/5pass
Example 81 6.10% 4/5pass 5/5pass 65 a P—O bond,
Example 82 6.20% 4/5pass  S5/5pass wherein the compound containing a P—O bond com-

prises at least one selected from the group consisting of
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a compound represented by formula II-A and a com-
pound represented by formula II-B:

(I1-A)

(II-B)

wheremn R,,, R,,, R,;, R,,, and R, are each indepen-
dently selected from R“, Si—(R"),, or R—S1—(R"),;

wherein R, 1s selected from a C,-C,, alkyl group, a
C,-C,, alkenyl group, a C,-C,, cyclic hydrocarbon
group, or a C.-C, . aryl group;

cach of R” and R" 1s independently selected from a C,-C,,
alkyl group, a C,-C,, alkenyl group, a C.-C,, cyclic
hydrocarbon group, or a C.-C, . aryl group;

R' 15 selected from a C,-C,, alkylene group or a C,-C,,
alkenylene group; and

R,,, R,,, R,3, R,., R, and R, are each independently
substituted or non-substituted, and when being substi-
tuted, a substituent 1s selected from a halogen, a C,-C,
alkyl group, a C,-C alkenyl group, or any combination
thereof;

wherein based on a total weight of the electrolytic solu-
tion, a weight percentage of the compound containing
a —CN functional group 1s A %, and a weight percent-

age of the compound containing a P—O bond 1s B %,
herein 0.5=A/B<35;

herein the compound containing a —CN functional
group comprises at least one selected from the group
consisting of a compound represented by formula I-2
and a compound represented by formula I-10:

=

(1-2)
NC

1T
NC/\/O\)\/OV\ ox

(1-10)

wherein the electrolytic solution further includes a dini-
trile compound;
wherein the dinitrile compound comprises at least one
selected from the group consisting of butanedinitrile,
hexanedinitrile, and ethyleneglycoldi(2-cyanoethyl)
cther.
2. The electrolytic solution according to claim 1, wherein
the compound containing a P—O bond comprises a com-
pound represented by formula II-5:
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(11-5)
T9i
7 \.O/

e

O/.

O—ro=0
/

3. The electrolytic solution according to claim 1, wherein
based on the total weight of the electrolytic solution, the
weight percentage of the compound containing a —CN
functional group 1s about 1 wt % to 3 wt %, and the weight
percentage of the compound containing a P—O bond 1s
about 0.1 wt % to 2 wt %.

4. The electrolytic solution according to claim 1, further

comprising a cyclic carbonate, the cyclic carbonate com-
prising a compound represented by formula III-A:

(II1-A)

wherein R,, 1s selected from a substituted or non-substi-
tuted C,-C,, alkylene group, or a substituted or non-
substituted C,-C,, alkenylene group; and

when being substituted, a substituent 1s selected from a
halogen, a C,-C, alkyl group, a C,-C alkenyl group or
any combination thereof.

5. The electrolytic solution according to claim 1, further

comprising a carbonate compound containing a silicon func-
tional group,

wherein the carbonate compound containing a silicon
functional group comprises at least one of the following

compounds:
(formula IV-1)
O
~ /_Si<
O O =
(formula IV-2)
o
Ry si”
<~ 0 07 O\,
(formula IV-3)
1|
)‘k /
/\ - S1 or
0 o7 ™\
(formula [V-4)
i \
57
\O O/\/ ™~ )

based on the total weight of the electrolytic solution, the
welght percentage of the carbonate compound contain-
ing a silicon functional group 1s about 0.01 wt % to
about 50 wt %.

6. The electrolytic solution according to claim 1, wherein
the compound containing a —CN functional group com-
prises a compound represented by formula I-2:
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(1-2)
NC_

\O
e /\/O\/l\/o\/\ o~

7. The electrolytic solution according to claim 1, wherein
the compound containing a —CN functional group com-
prises a compound represented by formula I-2:

(1-2)
NC_

\o
O O
NC/\/ \/l\/ \/\CN?

wherein the dinitrile compound comprises butanedinitrile.

8. The electrolytic solution according to claim 1, further
comprising a carboxylate, wherein the carboxylate com-
prises at least one of the following compounds: propylpro-
pionate, trifluoroethylacetate or fluoroethylacetate; and

wherein based on the total weight of the electrolytic

solution, the content of the carboxylate 1s about 0.01 wt
% to about 60 wt %.

9. An electrochemical device, comprising an electrolytic
solution, wherein the electrolytic solution comprises a com-
pound containing a —CN functional group and a compound
containing a P—O bond,

wherein the compound contaiming a P—O bond com-

prises at least one selected from the group consisting of
a compound represented by formula II-A and a com-
pound represented by formula II-B:

(I1-A)

(II-B)

wherein R,,, R,,, R,5;, R,,, and R,. are each indepen-
dently selected from R”, S1—(R");, or R"—S1—(R"),;

wherein R, 1s selected from a C,-C,, alkyl group, a
C,-C,, alkenyl group, a C,-C,, cyclic hydrocarbon
group, or a C.-C,. aryl group;

each of R and R" 1s independently selected froma C,-C,,
alkyl group, a C,-C,, alkenyl group, a C.-C,, cyclic
hydrocarbon group, or a C.-C, . aryl group;

R' 15 selected from a C,-C,, alkylene group or a C,-C,,
alkenylene group; and

R,,, R,,, R,3, R,., R, and R, are each independently
substituted or non-substituted, and when being substi-
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tuted, a substituent 1s selected from a halogen, a C,-C,
alkyl group, a C,-C, alkenyl group, or any combination
thereof;
wherein based on a total weight of the electrolytic solu-
tion, a weight percentage of the compound containing
a —CN functional group 1s A %, and a weight percent-
age of the compound containing a P—O bond 1s B %,
herein 0.5<A/B<35;
herein the compound containing a —CN functional
group comprises at least one selected from the group
consisting of a compound represented by formula I-2
and a compound represented by formula I-10:

¥ F

(I-2)

(I-10)

/\/\/\/

wherein the electrolytic solution further includes a dini-
trile compound;
wherein the dinitrile compound comprises at least one
selected from the group consisting of butanedinitrile,
hexanedinitrile, and ethyleneglycoldi(2-cyanoethyl)
cther.
10. The electrochemical device according to claim 9,
wherein the electrolytic solution further comprises a cyclic
carbonate, the cyclic carbonate comprising a compound

represented by formula III-A:

(II1-A)

wherein R4, 1s selected from a substituted or non-substi-
tuted C,-C,, alkylene group, or a substituted or non-
substituted C,-C,, alkenylene group; and
when being substituted, a substituent 1s selected from a
halogen, a C,-C, alkyl group, a C,-C alkenyl group or
any combination thereof.
11. The electrochemical device according to claim 9,
wherein the compound containing a —CN functional group
comprises a compound represented by formula I1-2:

(I-2)
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12. The electrochemical device according to claim 11,
turther comprising a carbonate compound containing a
silicon functional group,

wherein the carbonate compound containing a silicon

functional group comprises at least one of the following

compounds:
(formula IV-1)
O
P
i
o o\,
(formula IV-2)
O
S
1 1
-~ o 0”7 ™\,
(formula IV-3)
O
J
1
76 0”7 N o
(formula IV-4)
O
-

13. The electrochemical device according to claim 9,
wherein the compound containing a P—O bond comprises a
compound represented by formula II-3:

(I1-5)
0O

\ |

HSi\ /P\ e
< o7 | o
O
P

14. The electrochemical device according to claim 9,
wherein the compound containing a —CN functional group
comprises a compound represented by formula I-2:

(1-2)
NC

o

NC/\/O\)\/O\/\CN;

wherein the dinitrile compound comprises butanedinitrile.

15. The electrochemical device according to claim 9,
wherein based on the total weight of the electrolytic solu-
tion, the weight percentage of the compound containing a
—CN functional group 1s 1 wt % to 3 wt %, and the weight
percentage of the compound containing a P—O bond 1s 0.1
wt % to 2 wt %.

16. The eclectrochemical device according to claim 9,
turther comprising a carboxylate, wherein the carboxylate
comprises at least one of the following compounds: propy-
Ipropionate, trifluoroethylacetate or tluoroethylacetate;

wherein based on the total weight of the electrolytic

solution, the content of the carboxylate 1s about 0.01 wt
% to about 60 wt %.

17. An electronic device, comprising an electrochemaical

device comprising an electrolytic solution, wherein the
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clectrolytic solution comprises a compound containing a
—CN functional group and a compound containing a P—O

bond,

wherein the compound containing a P—O bond com-
prises at least one selected from the group consisting of
a compound represented by formula II-A and a com-
pound represented by formula II-B:

(I1-A)

(1I-B)

wheremn R,,, R,,, R,;, R,,, and R,. are each indepen-
dently selected from R”, S1—(R");, or R—S1—(R"),;

wherein R, 15 selected from a C,-C,, alkyl group, a
C,-C,, alkenyl group, a C,-C,, cyclic hydrocarbon
group, or a C.-C,. aryl group;

cach of R” and R" 1s independently selected from a C,-C, ,
alkyl group, a C,-C,, alkenyl group, a C.-C,, cyclic
hydrocarbon group, or a C,-C, . aryl group;

R' 1s selected from a C,-C,, alkylene group or a C,-C,,
alkenylene group; and

R,,, R,,, R,:, R,., R,., and R, are each independently
substituted or non-substituted, and when being substi-
tuted, a substituent 1s selected from a halogen, a C,-C
alkyl group, a C,-C, alkenyl group, or any combination

[
I~

thereof;

wherein based on a total weight of the electrolytic solu-
tion, a weight percentage of the compound containing
a —CN functional group 1s A %, and a weight percent-
age of the compound containing a P—O bond 1s B %,

wherein 0.5=A/B<5;

wherein the compound containing a —CN functional
group comprises at least one selected from the group
consisting of a compound represented by formula I-2
and a compound represented by formula I-10:

(I-2)

(I-10)

/\/\/\/

N

wherein the electrolytic solution further includes a dini-
trile compound;
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wherein the dinitrile compound comprises at least one
selected from the group consisting of butanedinitrile,
hexanedinitrile, and ethyleneglycoldi(2-cyanoethyl)
cther.

44
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